Automatic daily transmission of data from implantable cardioverter-defibrillators (ICDs) enables the remote monitoring of device status and leads function. We report on a 2-year experience with remote monitoring in 40 recipients of high-voltage ICD leads, prone to fracture and under advisory since October 2007.
Introduction
The lead system is a critical component of all implantable cardioverter-defibrillators (ICDs). However, because of their complex structure, the leads are susceptible to defects and fractures, 1 exposing patients to the potentially fatal risks of inappropriate therapy, failure to defibrillate, or loss of pacing function. 2 -4 Among several lead models that have been under advisory, 5, 6 the latest concerns the Sprint Fidelis high-voltage ICD leads (Medtronic Inc., Minneapolis, MN, USA), 7 which have been withdrawn from distribution because of a high fracture rate. 8 The prophylactic extraction of these implanted leads was not recommended, 9 because of the risks of fatal and non-fatal complications. 10, 11 Adverse clinical events related to lead fractures may be preceded by asymptomatic anomalous lead characteristics, such as abnormal lead impedance, oversensing due to rapid, non-cardiac potentials, with or without undersensing, or inappropriate increase in pacing rate. 12 -16 A closer follow-up schedule, the use of special software that can detect abnormal lead function, and specific ICDs programming to prevent inappropriate therapy were recommended by the manufacturer and approved by the National Safety Agency in October 2007 (Table 1 ) for all recipients of Sprint Fidelis leads. 9, 17 However, the recommended follow-up at 3-month intervals, including measurements of lead impedance, and sensing and pacing characteristics, was found insufficient. 13, 18 Detection methods embedded in the implanted devices with sound alerts, 12 and algorithms increasing the number of intervals for the detection of ventricular fibrillation (VF) were tested to prevent inappropriate therapies, and though helpful, were also imperfect. 19 Given the unpredictability of lead fractures, a daily remote lead monitoring system seemed most likely to detect a lead fracture early and minimize the risk of adverse clinical events.
The ECOST trial
The Effectiveness and Cost of ICDs Follow-up Schedule with Telecardiology (ECOST) is an ongoing randomized trial, which compares a strategy of remote monitoring of ICDs with conventional follow-ups. The first aim of this study is to investigate, with a noninferiority hypothesis, whether a daily remote monitoring system has an impact on the number of patients experiencing at least one serious adverse event (including all-cause mortality, cardiacor device-related serious adverse events 20 for primary or secondary prevention of sudden cardiac death. No specific recommendation was made initially regarding the type of lead to implant. Patients assigned to HM undergo automatic daily remote monitoring and are seen in the ambulatory department at yearly intervals, unless an anomalous ICD function or an event of clinical concern is reported by HM, requiring an ambulatory visit ( Figure 1) . Patients assigned to the control group are followed in the ambulatory department at 6-month intervals. The overall follow-up duration is 27 months. The protocol of ECOST complies with the French law on the protection of persons undergoing biomedical research (Huriet law) and was approved by appropriate authorities, including the legal authority of the French Agency for the Sanitary Safety of Health Products (AFSSAPS) and ethics committees. The study complies with the Declaration of Helsinki. Informed consent has been obtained from the subjects.
Reaction of the ECOST safety committee to the Sprint Fidelis advisory
Following the recommendations issued by the National Safety Agency, the Executive, Safety, Serious Adverse Events, and the Electrogram (EGM) Analysis Committees of ECOST met in November 2007 to discuss the follow-up of the recipients of Sprint Fidelis leads enrolled in the trial. To comply with the health authorities' recommendations, access to HM was offered to all recipients of Sprint Fidelis lead, regardless of the random study assignment, along with ambulatory ICDs follow-ups at 3-month intervals, constituting a parallel registry within the ECOST trial. in-clinic follow-up, 1 -3 months after ICD implantation, patients assigned to Home Monitoring (HM) undergo automatic daily remote monitoring. They are seen at yearly intervals unless an anomalous ICD function or an event of clinical concern is reported by HM. Patients assigned to the control group are seen in the ambulatory department every 6 months. Additional ambulatory visits can be requested by the patients or physicians at any time in both study groups. RANDO ¼ randomization in a 1:1 ratio.
Remote surveillance of ICD leads
Objectives of this analysis
Home Monitoring enables daily automatic transmission of information, including leads data. 21, 22 How the remote monitoring of ICDs may be used to improve the quality of care remains uncertain. 23, 24 There is a paucity of prospective data supporting the safety and efficacy of this surveillance technology applied to leads under advisory. 14, 15 This report describes our 2-year observations with HM in recipients of Sprint Fidelis lead.
Methods
Home monitoring system and remote event settings
Home Monitoring uses mobile phone links to transmit ICDs data automatically on a daily basis, as well as instantly upon the occurrence of a potentially clinically relevant event. Variables that are typically monitored include battery status, lead characteristics, arrhythmias detected, therapies delivered, mean heart rate, per cent ventricular pacing, and daily patient activity. 20, 22 In case of technical flaw or arrhythmia, a central data processing facility may alert the physician via e-mail or mobile phone text messaging, and simultaneously post a detailed report on a secure website. 22, 25, 26 The event-triggered reports may include intracardiac EGM with marker channels. 27, 28 Following the AFSSAPS warning regarding the Sprint Fidelis lead, the ECOST Safety Committee recommended modifications of the standard ventricular impedance and absence of HM transmission values that trigger events, in order to increase the sensitivity of ventricular lead failure detection ( Table 2) .
Follow-up and data analysis
Besides the systematic scheduled follow-ups at 3-month intervals, the recipients of Sprint Fidelis leads were seen at unscheduled visits following HM-triggered events or upon their request. We examined the contributions and reliability of HM in the early detection of lead failure, and measured the number of contributory follow-ups, defined as an ambulatory visit prompting a change in patient management or ICD reprogramming, or yielding important information communicated to the patient. The contributions of scheduled and non-scheduled followups were compared. Absolute values, per cents, means + standard deviation, median, and lower/upper quartile were computed as appropriate. Continuous variables were evaluated with KolmogorovSmirnov test for normal distribution. Data analysis was performed with SPSS V18.0 software.
Results

Patient population
Between January 2007 and October 2007, when AFSSAPS issued the warning, 40 patients enrolled in ECOST received the Sprint Fidelis lead, of whom 22 were assigned to the control and 18 to the test group. Their mean age was 64 + 12 years, and 35 (87.5%) were men. The indications for ICD implantation and the underlying heart disease are related in Table 3 . The mean left ventricular ejection fraction was 35 + 14%. New York Heart Association functional class was II or III in 85% of patients; no patients were in functional class IV.
Follow-up
The mean follow-up after ICD implantation was 22 + 4 months. The mean number of follow-up visits after the warning issued by AFSSAPS was 5.1 + 1.5, over 17 + 3 months (median 18; range 8-18), representing 3.8 + 0.9 visits per patient per year.
In four patients, HM triggered urgent, unscheduled visits, which, in three patients, confirmed the presence of lead fractures, prompting their extractions and replacements. No signs of lead failure were detected at the time of scheduled follow-up visits or in HM transmissions in the remaining 36 patients. Case no. 1: lead fracture with sensing of artifact and no abnormal change in impedance Lead fracture was detected 20 months after implantation. The event was a single episode of 'non-sustained VF' reported by HM. The online recording of EGM (Figure 2 ) revealed the presence of noise, without change in ventricular lead impedance ( Figure 3) . Lead fracture was confirmed by embedded Holter EGM recorded 3 days later ( Figure 4) . The lead was replaced 1 week later. This lead fracture occurred 10 days after the last scheduled ambulatory follow-up visit, when no lead dysfunction was observed.
Case no. 2: lead fracture with sensing of artifact and impedance rise An episode of 'non-sustained VF' was reported by HM, 20 months after ICD implantation ( Figure 2 ). An increase in ventricular lead impedance from 540 to 773V was observed on the preceding day ( Figures 3  and 4) . The patient underwent urgent ICD interrogation, when noise artifacts were observed on the EGM channel upon motion of the left upper extremity. The lead was replaced 4 days later. This lead fracture occurred 3 months after the last scheduled ambulatory follow-up visit, when no lead dysfunction had been observed.
Case no. 3: lead fracture with sensing of artifacts, impedance rise, and shocks delivery A HM event was triggered 15 months after ICD implantation by a sudden rise in ventricular lead impedance from 600 to 1294 V (Figures 3 and 4) . No abnormality was found during an unscheduled ambulatory visit on the same day, when the lead impedance was 734 V. However, 5 days later, the patient was admitted to the hospital for immediate lead replacement, after having received three inappropriate shocks caused by noise artifacts (Figure 2 ). This lead fracture occurred 2.5 months after the last scheduled ICD follow-up, which had showed no sign of lead dysfunction.
Case no. 4: no lead fracture and rise in impedance >2000 V A HM event was triggered by a high ventricular lead impedance, 3 months after ICD implantation. A subsequent review of HM data recorded since device implantation revealed a 1950 V impedance at the time of discharge of the patient from the hospital, decreasing to 800 V over the next few days, and increasing up to 1500 V and briefly spiking over 2000 V in the 3 months after device implantation ( Figure 3) . Repeated measurements in the ambulatory department Remote surveillance of ICD leads revealed a ventricular capture threshold at 0.6 V/0.5 ms and a lead impedance at 1344 and 1521 V, without sensing of artifacts. Subsequent daily observations by HM transmissions up to 6 months after implantation showed a gradual decrease in lead impedance, which stabilized at 850 V. The lead has remained functional at a follow-up of 18 months after ICD implantation.
Other follow-ups triggered by Home Monitoring
Home Monitoring triggered seven other unscheduled ambulatory visits, of which four contributed clinical information, including T-wave oversensing in one, inappropriate shock caused by a supraventricular tachyarrhythmia in one, and non-sustained ventricular tachycardia and VF in one patient each. In three other patients, HM was triggered by (i) three episodes of ventricular arrhythmia, (ii) a rise in atrial impedance, and (iii) a mean daily heart rate .110 bpm, respectively. Including case no. 4, 4 out of 11 unscheduled ambulatory follow-up visits (36%) prompted by HM were classified as non-contributory.
Contributions of scheduled follow-ups
Out of 198 scheduled follow-ups, 178 (89.8%) were classified as non-contributory. A change in ICD programming, the disclosure to the patient of the Sprint Fidelis advisory information, as recommended by the health authorities, or both, occurred during 16 ambulatory follow-up visits. Changes in medical management, patient reassurance, or both occurred for atrial fibrillation, pulse generator pocket infection, near syncope, and phantom shocks in one patient each. Table 4 summarizes the contributions of scheduled and unscheduled follow-up visits. The contributions of unscheduled follow-ups triggered by HM in 7 out of 11 cases (63%) were considerably greater than in 20 out of 198 scheduled follow-up visits (10%).
Discussion
By accurately detecting three lead fractures during this study, HM made important contributions to the follow-up of ICD leads under advisory, in contrast to the absence of useful information contributed by the systematically scheduled ambulatory surveillance of ICDs. In a study by Hauser et al., 29 no lead dysfunction was detected among six recipients of Sprint Fidelis leads, followed at 4-month intervals, during ambulatory visits, which took place between 2 weeks and 3 months before the diagnosis of lead fractures. These six patients, who were not under HM, received a total of 57 inappropriate shocks. While Theuns et al. 25 detected four lead failures in 146 patients (2.7%)
under HM over a mean follow-up of 22 months, we detected, during a similar observation period, three lead fractures among 40 patients (7.5%), highlighting the particularly important contributions made by HM in recipients of leads under advisory. Lead dysfunction is a major concern in ICD recipients, whether it is due to a systematic manufacturing defect, or to random failure or dislodgement. A recent study in nearly 1000 recipients of various ICD lead models between 1992 and 2005 reported failure rates of 15% at 5, and 40% at 8 years, accelerating over time. 1, 24 Lead dysfunction must be detected early in order to prevent major adverse clinical events, including potentially fatal failure to defibrillate or pace, or delivery of inappropriate shocks. 2 -4 This early detection has relied on ambulatory visits, the frequency of which cannot be optimal. Moreover, frequent visits lower the patients' quality of life, and are costly and time-consuming. An ideal early detection strategy needs no patient intervention, particularly since some patients cannot hear the alarms that should warn them of possible ICD dysfunctions. 12, 18 In a retrospective study, Spencker et al. 16 found that fewer ICD shocks were delivered to patients monitored remotely than to patients followed in ambulatory departments, before undergoing replacements of dysfunctional leads. Home Monitoring allows the detection of initially intermittent dysfunctions, as shown by the three cases in this study. Spencker et al. 16 found that in up to 90% of patients presenting with lead failure, the first inappropriate shock was preceded by nonsustained noise artifacts detected as VF. Home Monitoring also enables to focus on patients who require particularly close attention, and plan provocative manoeuvres to be performed during ambulatory visits when a lead fracture is suspected. The diagnosis of lead fracture may be challenging and cannot solely be based on an impedance increase, as illustrated by our case no. 4. On the other hand, daily measurements of lead impedance do not identify all lead failures. 12, 18 New lead-integrity algorithms can alert the patients, physicians, or both, of noise oversensing or abnormal impedance. 12, 13 These algorithms, which may increase the number of intervals triggering the detection of VF, are the first kind of ICDs monitoring function that prompts real-time changes in VF detection criteria to reduce the risk of inappropriate shocks. 13 Because the rate of false positive detections of lead fracture ranges between 21 and 35%, 13 EGM need to be verified, which can easily be accomplished with HM. This study illustrates different presentations of lead fracture, including non-sustained episodes of ventricular tachycardia or VF, and impedance increase. However, the diagnosis might also be suspected from other signals, such as an increase percent pacing, which suggests undersensing, or the presence of PVC in the counters, suggesting oversensing. The suddenness of these signals and their lack of clinical explanation are consistent with lead failure. In contrast to ambulatory visits, HM allows the immediate detection of these signals.
All links in the data transmission chain, including triage, interpretation, and clinical management of the data must be in place for the HM system to function properly. The assistance from the service centre in ensuring the continuity of HM transmissions was of great importance. The physician was automatically alerted when breaks in HM transmissions exceeded 5 days.
Limitation of the study
This study is limited by its observational design. The broader contributions of HM need to be confirmed by the randomized ECOST trial.
Conclusions
Over a mean follow-up of 22 + 4 months after implantation, the failure rate of the Sprint Fidelis lead in our registry was 7.5%. Home Monitoring allowed the early and reliable detection of three lead fractures, manifest by sensing of noise artefact, abrupt rise in pacing impedance, or both, without requiring the intervention of patients in the diagnosis or decision-making process.
